High resolution resonant inelastic x-ray scattering has been performed to reveal the role of latticecoupling in a family of quasi-1D insulating cuprates, Ca2+5xY2−5xCu5O10. Site-dependent low energy excitations arising from progressive emissions of a 70 meV lattice vibrational mode are resolved for the first time, providing a direct measurement of electron-lattice coupling strength. We show that such electron-lattice coupling causes doping-dependent distortions of the Cu-O-Cu bond angle, which sets the intra-chain spin exchange interactions. Our results indicate that the lattice degrees of freedom are fully integrated into the electronic behavior in low dimensional systems.
Electron-lattice coupling is an important mechanism in solids that determines the ground state properties via renormalizing the mass of charge carriers [1] , and, in some cases, induces novel symmetry-broken states like superconductivity [2] and charge density waves [3] . While research on the electron-lattice interaction has a long history in condensed matter physics, it continues to be an important topic in establishing new paradigms for understanding the properties of strongly correlated materials in which charges become more localized and screening effects are weak [4] . To date the electron-lattice coupling in two dimensional correlated materials such as cuprates [5] [6] [7] [8] [9] and manganites [10] [11] [12] has drawn much attention in the field. In one dimensional (1D) cuprate systems, although unusual spin and charge dynamics [13] [14] [15] [16] [17] have been revealed, studies of the role of electron-phonon coupling are still lacking. Such studies are important since poor screening effects in 1D systems [18] should in principle cause strong electronic coupling to the lattice.
To address this issue, we study a family of quasi-1D cuprates Ca 2+5x Y 2−5x Cu 5 O 10 , in which CuO 2 plaquettes arrange in a chain-like structure by sharing their edges with neighboring CuO 2 plaquettes. This system is important as it is the only quasi-1D cuprate that can be doped over a wide range of hole concentrations, providing a unique opportunity to study doping induced phenomena [19, 20] . By increasing carrier concentration, the spin ground state evolves from A-type antiferromagnetic order (intra-chain ferromagnetic order with inter-chain antiferromagnetic alignment), to spin glass, followed by spin gap, and eventually to a spin disordered phase [20, 21] . Curiously, the structural Cu-O-Cu bond angle, which determines to the size and sign of the spin super-exchange interaction according to GoodenoughKanamori-Anderson theory [13, [22] [23] [24] , is also doping dependent [20] . However, the important mechanism behind the doping induced Cu-O-Cu angle change remains unclear. Using high resolution resonant inelastic x-ray scattering (RIXS), we find a 70 meV phonon strongly coupled to the electronic state. As we will demonstrate, the doping dependent Cu-O-Cu angle is driven by electronlattice coupling due to the ineffectiveness of screening in 1D. Further, the phonon energy is found to soften when cooling across the antiferromagnetic phase transition in the undoped compounds. These observations demonstrate that the lattice degrees of freedom are fully integrated into the electronic and magnetic properties of low-dimensional correlated materials.
Single crystals of Ca 2+5x Y 2−5x Cu 5 O 10 used in the present study were grown by traveling-solvent floatingzone (TSFZ) methods. Samples with three different doping levels were selected for measurements, nominally x = 0, 0.3, and 0.33. The RIXS measurements were performed at the ADRESS beamline, Swiss Light Source, with the energy resolution set at either 50 meV or 80 meV. The sample surface was the (0, 1, 0) plane, coincident with the chain plane, prepared by either polishing (x = 0) or cleaving (x = 0.3 and 0.33). The scattering angle was set at 90 degree to minimize the elastic peak intensity. As sketched in Fig. S1 (c) in the Supplementary Material, the scattering plane was the a-b plane with a grazing angle of 20 degree to the sample surface. The polarization of the incident photon is perpendicular to the scattering plane (σ-polarization),while the recorded spectrum includes all the polarizations of the scattered photons. It is informative to first introduce the doping evolution of the electronic wave function, revealed by the xray absorption spectrum (XAS) near the O K-edge (1s-2p transition). As shown in Fig. 1(a) , the XAS of the undoped compound exhibits a single dominant absorption peak (529.5 eV), which is associated with the upper Hubbard band (UHB). Upon hole-doping, the UHB peak decreases, indicating a reduction of the weight of the UHB component [25] . In addition, a lower energy peak (LEP) emerges, which arises from the spectral weight transfer to wavefunction components that are directly related to the doped holes [26] . Approximately, in real space, the XAS at the UHB resonance produces a final state with one additional valence electron near the copper site, while the XAS at the LEP resonance puts the additional valence electron near the oxygen site, as sketched in Fig. 1(b) .
To investigate the effects of lattice coupling on the electronic states, we use resonant inelastic x-ray scattering (RIXS) [27, 28] . The underlying principle is illustrated in Fig. 1(b) . In the O K-edge RIXS process, a 1s core electron will first be excited into an XAS final state, either the UHB or LEP resonance. This causes a local change in the charge density which locally distorts the lattice. Later, the electron de-excites, filling the O 1s core hole, leaving the lattice in an excited state. The RIXS spectrum records the overlaps of the initial, intermediate, and final states as a function of energy loss (the energy difference between the incident and emitted photons), and includes the possibility of producing multiple peaks in the spectrum with an energy separation corresponding to the energy of the quanta of the lattice vibrations (i.e. phonons) in a fashion analogous to a generalized Frank Condon picture. The spectral weight of phonon excitations in the RIXS spectrum is directly dependent on the electron-phonon (e-ph) coupling strength. Furthermore, the e-ph coupling strength at Cu and O sites can be determined by tuning the incident photon energy to the UHB and LEP resonances, respectively. This site dependency stems from differences in the electronic character of the XAS final states. Figure 2 (a) displays RIXS spectra for the undoped parent compound. As the incident photon energy is tuned to near the UHB resonance ('e' and 'f'), the spectra near the elastic scattering peak, develops an unusual asymmetric broadening, indicating the excitations of low energy modes. Upon doping, as shown in Fig. 2(b) , an asymmetric spectrum near the elastic peak is also observed at the UHB resonance, however it is now most pronounced at the LEP resonance. The shift of resonance behavior is associated with the doping evolution of the XAS spectral weight due to changes of the wavefunction character [26] , suggesting that the origin of the low-energy modes is coupled directly with the electronic wavefunction.
Higher resolution RIXS spectra (Fig. 2(c) ) provide further information about the origin of these low-energy excitations. At both UHB and LEP resonances, we resolved multiple peaks in the spectrum, which lie in harmonic order of a single energy scale of 70 meV (Fig. 2d) . We note Peak energy (meV) that since the spin super-exchange energy (10-14 meV) [25, 29] is much smaller than the extracted mode energy, the observed excitations cannot be attributed to spin excitations. Rather they are most likely due to an oxygen bond-stretching vibrational mode, similar to those commonly found in 2D cuprates at a similar energy scale [5] . In addition, the mode energy extracted from the RIXS spectra taken at the UHB and LEP are identical, indicating that the observed phonon excitations share the same origin. These observations demonstrate that the electronic states in the CYCO system are coupled strongly with this 70 meV phonon mode.
To gain further insight into harmonic progression of phonon excitations, we use exact diagonalization to calculate RIXS for CuO 2 clusters coupled to a subset of optical oxygen vibrations. In this model, we include coupling to a vibrational mode whose eigenvector is sketched in Fig. 3(a) with coupling strengths of g Cu and g O on Cu and O sites, respectively. (Supplementary Material) This mode derives its coupling from the strong electrostatic modification it produces to the electronic states of the edge-shared CuO2 chains (Supplementary Material). Our calculations (Fig. 3(a) ) capture the essential physics related to the observed excitations, reproducing the XAS spectrum, the phonon excitations, and their shift from the UHB to LEP resonance in the doped cluster. Importantly, we show that their spectral weight is extremely sensitive to the e-ph coupling strength: the stronger the coupling, the greater the spectral weight for higher-harmonic phonon excitations (Fig. 3(b) ). In addition, our calculation explicitly demonstrates that the difference between g Cu and g O can be resolved by comparing the RIXS spectrum taken at the UHB and LEP resonances (Fig. 3(c) ). This site dependent information is unique to RIXS and confirms the concepts illustrated in Fig. 1b .
With these insights, we can compare the electronlattice coupling strength via the spectral shape of the phonon excitations. First, as shown in Fig. 3(d) , we found that the coupling strength is essentially doping independent, even though a significant number of holes are doped into the system. This demonstrates that screening remains ineffective upon doping, as expected for a one dimensional system [18] . Second, the coupling at the UHB resonance is found to be stronger than at the LEP resonance (Fig. 3(e) ), which is caused by the difference between g Cu and g O . By fitting to our model, we estimate g Cu ∼ 2g O ∼ 0.22 eV, also in agreement with our Madelung potential analysis (Supplementary Material).
A doping-independent electron-lattice coupling has an intriguing consequence to the doping evolution of the intertwined electron-lattice ground state. As shown in Fig.  4(a) , the number of phonons intertwined in the ground state is larger in the doped system than in the undoped system due to the increased carrier concentration. This implies a larger lattice distortion along the c-axis and results in a larger Cu-O-Cu angle in the doped system. Within our model, we estimate a 0.16 contraction of O-O distance along c-axis, corresponding to a 3.7% increase of the Cu-O-Cu bond angle in the x = 0.33 doped cluster. The estimation is comparable to the reported doping induced increase of the Cu-O-Cu angle (∼2.5%) [20] . Since the size and sign of the spin super-exchange coupling is sensitive to the Cu-O-Cu bond angle, this result shows that e-ph coupling strength is an important underlying mechanism to drive the lattice structure that hosts the spin dynamics of this 1D system. Finally, as shown in Fig. 4(b) , the phonon excitations exhibit a softening of up to ∼10 meV when the system is cooled across the antiferromagnetic transition temperature T N (30 K). Importantly, inelastic neutron scattering measurements also have reported a spin excitation hardening of approximately 1-2 meV when cooling to low temperatures [21] , demonstrating a cooperative interplay between the spin, charge and lattice sectors. We also note that the coupling to the lattice is likely responsible for the unusual spectral broadening for the spin and charge dynamics in quasi-1D cuprates observed by angle-resolved photoemission spectroscopy [16] , inelastic neutron scattering [25] , and RIXS measurements [17, 30] . Our results emphasize that lattice coupling in low dimensional materials needs to be considered together with the spin and charge dynamics in order to obtain a holistic picture of the underlying physics. 
